Abstract HIV infection and methamphetamine (Meth) abuse both may lead to oxidative stress. This study used HIV-1 transgenic (HIV-1Tg) rats to investigate the independent and combined effects of HIV viral protein expression and low dose repeated Meth exposure on the glutathione (GSH)-centered antioxidant system and oxidative stress in the brain. Total GSH content, gene expression and/or enzymatic activities of glutamylcysteine synthetase (GCS), gammaglutamyltransferase (GGT), glutathione reductase (GR), glutathione peroxidase (GPx), glutaredoxin (Glrx), and glutathione-s-transferase (GST) were measured. The protein expression of cystine transporter (xCT) and oxidative stress marker 4-hydroxynonenal (HNE) were also analyzed. Brain regions studied include thalamus, frontal and remainder cortex, striatum, cerebellum and hippocampus. HIV-1Tg rats and Meth exposure showed highly regional specific responses. In the F344 rats, the thalamus had the highest baseline GSH concentration and potentially higher GSH recycle rate. HIV1Tg rats showed strong transcriptional responses to GSH depletion in the thalamus. Both HIV-1Tg and Meth resulted in decreased GR activity in thalamus, and decreased Glrx activity in frontal cortex. However, the increased GR and Glrx activities synergized with increased GSH concentration, which might have partially prevented Meth-induced oxidative stress in striatum. Interactive effects between Meth and HIV1Tg were observed in thalamus on the activities of GCS and GGT, and in thalamus and frontal cortex on Glrx activity and xCT protein expression. Findings suggest that HIV viral protein and low dose repeated Meth exposure have separate and combined effects on the brain's antioxidant capacity and the oxidative stress response that are regional specific.
from infected glia also induce oxidative stress in neurons (Kruman et al. 1998; Mattson et al. 2005) . In cerebrospinal fluid (CSF) or some brain regions of HIV-infected patients, levels of antioxidants such as glutathione (GSH) (Castagna et al. 1995) , glutathione peroxidase (GPx), Cu/Zn superoxide dismutase (SOD) (Velazquez et al. 2009 ), ascorbic acid (Everall et al. 1997) and vitamin E (Bandaru et al. 2007 ) were reduced, while oxidants or oxidative stress markers such as 4-hydroxynonenal (HNE) (Bandaru et al. 2007; Sacktor et al. 2004) , ceramide (Bandaru et al. 2007; Sacktor et al. 2004) , sphingomyelin (Bandaru et al. 2007; Sacktor et al. 2004) , and protein carbonyls (Turchan et al. 2003) were elevated. Similarly, in HIV viral protein-treated rats, lower levels of GSH and total SOD, but higher levels of hydroxyl radical and malondialdehyde (MDA), were found in the brain (Tang et al. 2009 ).
Meth also induces oxidative stress through auto-oxidation of dopamine, which results in hydrogen peroxide generation and lipid peroxidation. Increased oxidative stress markers, such as thiobarbituric acid reactive substances (TBARS) (Flora et al. 2002; Gluck et al. 2001) , di-chlorofluorescein (DCF) (Wu et al. 2007; Zhang et al. 2009 ), and MDA (Yamamoto and Zhu 1998; Zhang et al. 2009 ), were consistently observed in rodents or cell culture models with Meth treatment. However, due to the differences in research models, and the variable amounts of Meth exposure (e.g., due to different routes, doses or duration of exposure), Methinduced changes on antioxidants varied in previous studies (Acikgoz et al. 1998; Ajjimaporn et al. 2008; Dai et al. 2006; Flora et al. 2002; Harold et al. 2000; Zhang et al. 2009 ).
When HIV protein such as trans-activator of transcription (Tat) and Meth were combined, they synergistically increased oxidative stress in cultured neurons (Langford et al. 2004; Maragos et al. 2002) and neurotoxicity in rat striatum (Ajjimaporn et al. 2008; Langford et al. 2003a ). Furthermore, post-mortem brain tissues from HIV patients who used Meth showed greater neuronal injury and dendritic loss in the frontal cortex compared to non-Meth users (Langford et al. 2003b) . Such additive effects were also observed in HIV patients who used Meth by in vivo measurements of cerebral metabolite levels that reflect glial activation and neuronal injury (Chang et al. 2005) , which might have resulted from additive effects on oxidative stress.
GSH is the most abundant endogenous antioxidant in the brain, counteracting oxidative stress by providing reducing power to antioxidant enzymes, such as GPx, glutathione-Stransferase (GST) and glutaredoxin (Glrx), or directly conjugating oxidants (Meister 1983) . The oxidized GSH can be reduced and recycled by glutathione reductase (GR). GSH is synthesized in the cells and can be transported into the extracellular space where gamma-glutamyltransferase (GGT) catalyzes the rate-limiting step of GSH catabolism. Released cysteine is quickly oxidized to cystine and transported into the cells, where it can then be reduced to cysteine for next cycle of GSH synthesis (Bannai and Tateishi 1986) . Transport of cystine occurs through the membrane protein cystine/ glutamate antiporter system xc-, which consists of a light catalytic chain (xCT) and a heavy regulatory chain (4 F2) (Lewerenz et al. 2012 ). In the central nervous system (CNS), xCT is considered as the determinant protein for the system xcactivity (Lewerenz et al. 2012) . Increased expression of xCT and hence higher availability of cysteine for GSH biosynthesis has been regarded as a response to oxidative stress (Conrad and Sato 2011) . Another limiting factor for GSH biosynthesis is the activity of glutamylcysteine synthetase (GCS), a holoenzyme consists of a catalytic heavy chain (GCS-HC) and a modulatory light chain (GCS-LC). This enzyme catalyzes the ligation of glutamate and cysteine, the first and rate-limiting step in the de novo synthesis of GSH (Griffith 1999) . Oxidative stress has been shown to stimulate GCS activity via post-translational modification (Franklin et al. 2009 ). GSH synthesis is completed by glutathione synthetase (GS), which catalyzes ligation of glycine to gamma-glutamylcysteine. The GSH metabolic pathway and GSH-dependent antioxidants are summarized in Fig. 1 .
The aims of this study were to characterize the changes in GSH and GSH-related enzymes, to assess oxidative stress Fig. 1 Schematic illustration of the pathways of GSH biosynthesis and antioxidant function. Abbreviations: Cys cysteine, Cys-Gly cysteinyglycine, DPEP dipeptidase, EAAC excitatory amino acid carrier, GCS gamma-glutamyl-cysteine synthetase, GGT gamma-glutamyl transferase, Glrx glutaredoxin, Glu glutamate, Glu-cys gammaglutamylcysteine, Gly glycine, GPx glutathione peroxidase, GR glutathione reductase, GS glutathione synthetase, GSH glutathione, GSSG glutathione disulfide, GST glutathione S-transferase, HNE 4-Hydroxynonenal, MRP multidrug resistance proteins, X electrophilic xenobiotic, xCT cystine/glutamate transporter caused by the combined and independent effects of HIV viral protein and low dose repeated Meth exposure in the brain, using a HIV-1 transgenic (HIV-1Tg) rat model. The HIV-1Tg rats express 7 out of 9 HIV-1 viral proteins: Vpr, Env, Nef, Vif, Vpu, Rev and Tat. This model recapitulates many key features of human AIDS, such as muscle wasting, respiratory difficulty and HIVassociated neurological abnormalities (Basselin et al. 2011; Hag et al. 2009; Kass et al. 2010; Reid et al. 2001; Vikulina et al. 2010 ). This animal model also demonstrates neuronal loss and reactive gliosis (Reid et al. 2001) , age-dependent increase of viral protein gene expression in the brain (Peng et al. 2010) , and impaired spatial learning ability (Vigorito et al. 2007) . In this study, GSH content and total antioxidant capacities were first measured in the thalamus, frontal cortex, the remainder of cortex, striatum, hippocampus, and cerebellum. Thalamus, frontal cortex, and striatum were chosen as representative regions for additional analyses, which included gene expression and the activities of enzymes involved in GSH metabolism and antioxidant function, and lipid peroxidation.
Materials and methods

Animals
Eight (8) HIV-1 NL4-3 gag/pol transgenic rats (HIV-1Tg) and 8 genetic background control Fisher 344 (F344) rats with the same date of birth were purchased from Harlan Inc. (Indianapolis, IN) and housed at the Laboratory Animal Services facility of Seton Hall University, NJ. The rats were maintained on a 12-h light/dark schedule. Food and water were provided ad libitum throughout the experiment. All procedures were carried out in accordance with the guidance of the Seton Hall University Institutional Animal Care and Use Committee. The rats were separated into 4 groups with 4 rats in each group: (i) Control group, F344 rats without Meth exposure, but with a single intraperitoneal (i.p.) saline injection everyday for 6 consecutive days. This injection started when the rats were 13-week old, and the dose of the saline injection was 2 ml/kg body weight/day; (ii) Meth group, F344 rats treated with Meth through i.p. injection at 13 weeks. The dose of Meth was 2.5 mg in 2 ml saline/kg body weight/day, one injection per day for 6 consecutive days; (iii) HIV group, HIV-1Tg rats with saline i.p. injection, same dose and schedule as the Control group; (iv) HIV + Meth group, HIV-1Tg rats with Meth i.p. injection, same dose and schedule as the Meth group. The relatively low dose of Meth used was intended only for behavior sensitization (Liu et al. 2009) , to better emulate the recreational doses of Meth used by HIV infected individuals.. The rats were sacrificed by decapitation approximately 24 h following the last Meth administration.
Sample preparation
The brains were excised and immediately stored at −80°C and the brains were shipped to the University of Hawaii for all subsequent analyses. Prior to the assays, the brain samples were further dissected into 6 regions: cortex ("frontal" and the remainder which we called "other"), striatum, thalamus, hippocampus, and cerebellum. Soluble proteins/peptides were extracted by sonicating a suitable amount of tissue in cold PBS on ice. The samples were then centrifuged at 14,000×g for 10 min at 4°C. The supernatants were collected, and the protein concentrations were measured using Bradford assay (Biorad, Hercules, CA). The processed samples were stored at −80°C.
Chemicals and instruments
All chemicals used in this study were purchased from Sigma (St. Louis, MO) unless otherwise noted. The spectrophotometers used in the colorimetric and fluorescent assays were SpectraMax 340 (for GSH, ABTS, FRAP, GCS, and HNE-His assays) or SpectraMax M3 (for GGT, GPx, Glrx, and GST assays) from Molecular Devices (Sunnyvale, CA). Protein electrophoresis system was from BioRad (Hercules, CA), and the western blot imaging was carried out using an Odyssey Infrared Imaging System, and Odyssey Application Software Version 3.0 (Li-Cor Biosciences, Lincoln, NE). Realtime PCR was carried out using a Lightcycler 480 II (Roche Applied Science, Indianapolis, IN).
Total GSH assay
This measurement quantitated a colorigenic reaction between GSH and 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) (Tietze 1970) . Oxidized GSH (GSSG) was used to establish a standard curve, and the result was further normalized against sample protein concentration.
All assays in this study were carried out in triplicate unless noted otherwise.
ABTS assay
This assay measured the ability of the samples to scavenge the 2,2′-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) radical as previously described (Panee et al. 2007 ). 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) was used as a standard and the results were expressed as Trolox equivalent antioxidant capacity (TEAC). The result was further normalized against protein concentration.
FRAP assay
This assay measured the reducing ability of the samples to ferric ion at pH 3.6 (Chen et al. 2003) . Trolox was used as a standard. The result was further normalized against protein concentration.
Real-time PCR
Total RNA was extracted using RNeasy Mini Kit (Qiagen, Valencia, CA). The cDNA was synthesized using the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA). The qRT-PCR primers were designed using an online tool provided by Roche Applied Science. The quantitative real-time PCR was performed in quadruplicate using Platinum SYBR Green qPCR SuperMix-UDG kit (Invitrogen). The primer sequences of the housekeeping genes were: GAPDH forward: tgggaagctggtcatcaac, reverse: gcatcaccccatttgatgtt; 28S forward: tgcagatcatgctgtttaagaac, reverse: ggacctgctccccagatt; HPRT forward: ctcctcagac cgcttttcc, reverse: tcataacctggttcatcatcactaa. The primer sequences of the target genes were: GCS-HC forward: cgatgttcttgaaactctgcaa, reverse: ctggtctccagagggttgg; GCS-LC forward: ctgactcacaatgacccaaaag, reverse: gatgctttctt gaagagcttcct; GS forward: gctggacaacgagcgagt, reverse: gctgcttctcatcctgcaa; GGT7 forward: tggcccaataggactgctaa, reverse: tccctggctgtaccgagtt; GR forward: ttcctcatga gaaccagatcc, reverse: tgaaagaacccatcactggtta; GPx1 forward: acagtccaccgtgtatgcctt, reverse: ctcttcattcttgccattctcctg; GPx4 forward: tctgtgtaaatggggacgatgc, reverse: tctctatc acctggggctcctc; Glrx3 forward: ccacagtgtgtacagatgaacg, reverse: agcttcggcttccagctt. The relative abundance of a target gene was normalized to a housekeeping gene using the ratio of 2 Cp housekeeping /2
Cp target , where Cp is the value of crossing point.
GCS activity assay
This assay measured the amount of gamma-glutamylcysteine (GC) synthesized from L-glutamate and cysteine during a fix period of time, as indicated by a fluorescent signal derived from 2,3-naphthalenedicarboxaldehyde (NDA) and serine in the presence of thiols (White et al. 2003) . The fluorescence intensities were measured at 472 ex/528 em.
GGT activity assay
This assay measured the rate of transferring the glutamyl residue from L-gamma-glutamyl-p-nitroanilide (GPNA) to glycine-glycine (Meister et al. 1981) . One unit of activity was defined as consumption of 1 μmol of GPNA per minute calculated from the expression (Vmax * V t /V s )/(0.0088* D), where V t is the total volume of reaction solution in microliters, V s is the sample volume in microliters, 0. 0088 μM −1 cm −1 is the extinction coefficient for GPNA at 410 nm, and D is the reaction solution depth in wells in centimeters.
GR activity assay GR was measured using a commercial kit from Cayman Chemical (Ann Arbor, MI, Catalog number 703202). The rate of absorbance decrease of NADPH at 340 nm was used as an indicator for GR activity.
Glrx activity assay
This assay measured the disulfide reduction in bis(2-hydroxyethyl) disulfide (HED) catalyzed by the samples in the presence of GSH and NADPH (Diotte et al. 2009 ). One unit of activity was defined as a consumption of 1 μmol of NADPH per minute calculated from the expression (Vmax * V t /V s )/(0.0062* D), where 0.0062 μM −1 cm −1 is the extinction coefficient for NADPH at 340 nm.
GST activity assay
This assay measured the conjugation rate of GSH to 1-chloro-2,4-dinitrobenzene (CDNB) (Gonzalez et al. 1989) . One unit of activity was defined as a consumption of 1 μmol of CDNB per minute calculated from the expression (Vmax * V t /V s )/(0. 0096* D), where 0.0096 μM −1 cm −1 is the extinction coefficient for glutathione-dinitrobenzene conjugate (GS-DNB) at 340 nm.
GPx activity assay
This assay measured the reduction rate of tert-butyl hydroperoxide catalyzed by the samples upon the oxidation of GSH and NADPH (Panee et al. 2007) . One unit of enzyme activity was defined as a consumption of 1 μmol of NADPH per minute calculated from the expression (Vmax * V t /V s )/(0.0062* D), where 0.0062 μM
is the extinction coefficient for NADPH at 340 nm.
xCT western blot
Proteins in the tissue lysates were separated electrophoretically in 4-20 % SDS-PAGE gels (Bio-Rad, 567-1094), and transferred overnight to Immobilon PVDF transfer membranes (Millipore, Billerica, MA, IPFL00010). The membranes were blocked with blocking buffer (Li-Cor, 927-40000) for at least 1 h before incubated in primary antibody solutions (0.3 % PBST and blocking buffer, 1:1). After washing 3 times with 0.3 % 1× PBST (10 min each wash), the membranes were incubated in secondary antibody solutions and washed 3 times with PBST before scanning. The primary antibodies were rabbit anti-xCT (1:500 dilution, Abcam ab93030) and mouse anti-beta-actin (1:20,000 dilution, LiCor, 926-42212), and the secondary antibodies were antirabbit secondary antibody (1:10,000 dilution, Li-Cor, 926-32211) and anti-mouse secondary antibody (1:20,000 dilution, Li-Cor 926-68020). The membranes were scanned using an Odyssey Infrared Imaging System (Li-Cor, Lincoln, NE) and the densitometric analysis was performed using Odyssey Application Software Version 3.0.
Lipid peroxidation assay
Histidine-conjugated HNE (HNE-His) is a major HNE conjugates (Doorn and Petersen 2002) . Its content was measured using an ELISA kit from Cell Biolabs (San Diego, CA).
Statistical analysis
Prism 5.0 (GraphPad Software Inc., La Jolla, CA) was used for statistical analyses. Two-way ANOVA was used to evaluate the effects of HIV transgenesis, Meth injection, and their possible interaction. Differences among the means were analyzed using (1) one-way ANOVA followed by Tukey's post-hoc test, or (2) Student t-test. Non-parametric Mann Whitney test was used to compare the means of ratios in Table 3 and Fig. 2 . -P<0.05-was considered statistically significant in all tests.
Results
Profile of total antioxidant capacities in six brain regions
To assess antioxidant distribution throughout the brain, we measured total antioxidant capacities using both ABTS and FRAP methods in six brain regions of the 4 groups of rats ( Table 1 ). The baseline ABTS reading was found 1-2 folds higher in the thalamus than in the other regions in the Control group. Twoway ANOVA showed that HIV-1Tg resulted in a significant decrease of the ABTS value in the hippocampus (P HIV−1Tg = 0. 013). A significant difference in the cerebellum between the Meth group and the HIV-1Tg + Meth group was also detected. The baseline readings of FRAP were~2 folds higher in the cortex (other) and the cerebellum than the other regions in the Control group. F344 rats exposed to Meth had increased FRAP in the frontal cortex (+29 %, Meth vs. Control), but the HIV-1Tg rats exposed to Meth paradoxically had decreased levels (−19 %, HIV-1Tg + Meth vs. HIV-1Tg, P=0.0506), which led to an interactive effect between HIV-1Tg and Meth on FRAP in the frontal cortex (two-way ANOVA, P interaction =0.0041). FRAP levels tended to be increased in Meth exposed control rats in the cerebellum (+106 %, Meth vs. Control, P=0.055), but decreased in the striatum (−37 %, Meth vs. Control).
The two methods employed in this section of the study depicted antioxidant potential of different categories of molecules. i.e. the ABTS method measures the radical scavenging ability of peptides, proteins and other small molecules at a physiological pH value (7.4), while FRAP measures the reducing ability of non-protein small molecules (such as ascorbic acid) at pH 3.6. It is interesting to observe that HIV-1Tg affected the ABTS values in the hippocampus, while Meth affected the FRAP readings in the frontal cortex, cerebellum, and striatum.
Regional variations of total brain GSH in the 4 groups of rats Similar to the ABTS result in Table 1 , the baseline concentration of total GSH was over 1-2 folds higher in the thalamus than in the other regions of the Control F344 rats (Table 2 ). In the thalamus, HIV-1Tg rats had significantly lower GSH levels than the F344 rats (2-way ANOVA, P HIV =0.0011), 31 % lower in HIV-Tg and 46 % lower in HIV-1Tg + Meth than in controls. Similarly, HIV-1Tg rats, regardless of Meth exposure status, had a trend for lower GSH levels in the striatum (2-way ANOVA-P HIV = 0.045). Conversely, Meth exposed animals had a trend for higher GSH contents in the striatum (2-way ANOVA-P Meth =0.019). For example, the average GSH concentration in the striatum of Meth-treated F344 rats was 37 % higher than that in saline-treated F344 rats. The GSH contents in the cortex (frontal and other), hippocampus, and cerebellum did not show significant differences among the four groups.
Transcriptional responses of GSH-related genes and viral protein genes in the thalamus and striatum
To further evaluate the enzymes related to changes of GSH contents in the thalamus and striatum, the mRNA levels of genes involved in GSH biosynthesis (GCS-HC, GCS-LC, GS), catabolism (GGT7), recycling (GR), and antioxidant function (GPx1, GPx4, Glrx3) were measured. The gene expression levels of multiple isoforms of GGT and Glrx have been screened in rat brain tissues in a pilot study, the mRNA levels of GGT7 and Glrx3 were found to be the highest in each family of the enzymes (data not shown), and therefore these two isoforms were selected in this part of the study. In order to assess the potential impact of Meth exposure on HIV-1 viral protein gene expression, the mRNA levels of Tat and gp120, the two viral proteins most commonly recognized as causative factors of oxidative stress, were measured in the thalamus and striatum. Three housekeeping genes (HPRT, GAPDH, and 28S) were tested first, and the expression levels of HPRT were found to be unchanged by HIV-1Tg and Meth;therefore, it was used to normalize the relative expression levels of the target genes.
As shown in Table 3 , in the thalamus, HIV-1Tg resulted in significant upregulation of the genes involved in GSH metabolism, such as GCS-HC, GS, and GGT7 (two-way ANOVA). Interestingly, Meth exposed F344 rats seemed to have decreased expression of the genes in this category, while Meth exposed HIV-1Tg rats appeared to have the opposite effect (except for GGT7). Consequently, the mRNA levels of these genes were 2-4 folds higher in the HIV-1Tg + Meth group compared to the Meth group. However, in the striatum, neither HIV-1Tg nor Meth injections caused any significant changes of the expression of these genes. Quantification of the mRNA levels of Tat and gp120 in the HIV-1Tg and HIV-1Tg + Meth groups indicated Meth had no significant regulatory effect on the expression of these 2 viral protein genes in thalamus and striatum.
Activities of GSH-related enzymes
In addition to gene transcription, the activities of the aforementioned enzymes were also measured in thalamus and striatum. For comparison, we also included frontal cortex in this part of the study as a brain region in which the GSH content did not change in response to HIV-1Tg or Meth. As shown in Table 4 , HIV-1Tg did not affect the activity of GCS and GGT in any of the 3 brain regions, which is in contrast to the upregulated gene expression of GCS-HC and GGT7 in the thalamus. Meth exposure was associated with marked elevation of the GCS activity in the F344 rats (+88 % Meth vs. Control) and even greater elevation in the HIV-1Tg rats (+ 224 % HIV-1Tg + Meth vs. HIV-1Tg), leading to an interactive effect between HIV-1Tg and Meth (two-way ANOVA: P meth <0.0001; P interaction =0.02). Conversely, Meth injections resulted in decreased GCS activities in both striatum (Twoway ANOVA: P meth =0.0002) and frontal cortex (Two-way ANOVA: P meth <0.0001). In the frontal cortex, Meth increased the activity of GGT (Two-way ANOVA: P meth =0. 044), while in thalamus, an interactive effect was found for GGT activity, which was elevated in the HIV-1Tg rats (+ 36 %, vs. Control) but normalized in the HIV-1Tg + Meth rats (P Interaction =0.014).
As a key enzyme catalyzing GSH recycling, the activity of GR was decreased by both HIV-1Tg and Meth in the thalamus (Two-way ANOVA P HIV =0.042, P meth =0.011), but was increased by Meth in the striatum (Two-way ANOVA P meth =0.0002). No significant change of GR activity was found in the frontal cortex.
Among the GSH-dependent antioxidant enzymes, the activity of Glrx was found significantly influenced by HIV-1Tg, Meth, or both in the 3 brain regions. In the striatum, the Glrx activity was upregulated by Meth (+ 89 %, Meth vs. Control; +82 % HIV-1Tg + Meth vs. HIV1Tg, two-way ANOVA P Meth <0.0001). In thalamus and frontal cortex, Meth and HIV-1Tg interactively regulated Glrx activities. In the frontal cortex, both HIV-1Tg and Meth rats had decreased Glrx activity (−24 %, Meth vs. Control, −38 %, HIV-1Tg vs. Control), but converging of the 2 factors did not result in further activity reduction (−30 %, HIV-1Tg + Meth vs. Control).
In the thalamus, Meth increased the Glrx activity (+44 %, Meth vs. Control), but the concurrence of HIV-1Tg and Meth normalized the activity level. Changes in GPx and GST activities were only found in striatum; Meth decreased GPx activity and HIV-1Tg decreased GST activity (two-way ANOVA: P Meth =0.001, P HIV−1Tg =0.016).
Protein expression of xCT
Another rate-limiting factor in GSH de novo biosynthesis is the supply of cysteine, which can be derived from dipeptide cystine that is transported into the cells through system xc-. The activity of system xc-is determined by the catalytic chain xCT. Therefore, the protein expression of xCT was measured using western blotting (Fig. 2) . In the thalamus, Meth-treated F344 rats showed significantly lower amount of xCT protein compared to the control group (−22 %) and the HIV-1Tg + Meth group (−19 %), and the difference showed a trend for significance compared to the HIV-1Tg group (−19 %, P=0.057). In the frontal cortex, the amount of xCT protein decreased in all 3 experimental groups compared to the Control group, and two-way ANOVA showed that Meth exposure contributed to some of these decreases (P Meth = 0.0002). Interestingly, interactions between HIV-1Tg and Meth were found in both thalamus and frontal cortex (thalamus, P interaction =0.0114; frontal cortex, P interaction =0.018). In the striatum, no significant difference was found between Control and HIV-1Tg + Meth rats; however, comparisons with the Meth and HIV-1Tg rats were not performed in this region due to the fewer sample sizes available.
Lipid peroxidation HNE-His concentration was measured in the thalamus, striatum, and frontal cortex (Table 5 ). In both thalamus and frontal cortex, HNE-His levels were higher in the Methtreated rats than in the Control (thalamus: +33 %, p=0. 005; frontal cortex: +52 %, p=0.003) and in HIV-1Tg rats (thalamus: +44 %, p=0.016; frontal cortex: +60 %, p=0. 01). Since Meth exposure also led to a strong trend for higher HNE-His levels in the HIV-1Tg + Meth rats (+ 45 % vs. HIV-1Tg, p=0.024) in the frontal cortex, a stronger Meth effect was observed in this brain region (Two-way ANOVA P meth = 0.0002) than in thalamus (Two-way ANOVA P meth = 0.0122). No significant changes in the HNE-His level were found in the striatum.
Discussion
This study focused on the intrinsic changes of GSHcentered antioxidants and oxidative stress caused by low doses of Meth exposure and HIV-1Tg in the rat brain. The main findings included: HIV-1Tg rats showed decreased GSH content in both thalamus and striatum suggesting decreased antioxidant defense. Their thalamus showed upregulation of the gene expression of enzymes involved in GSH metabolism, but not the activity levels of these enzymes, indicating the lack of compensation. In contrast, rats exposed to low doses of Meth showed compensatory increased GSH concentration and altered activities of GSHcentered enzymes only in the striatum. Furthermore, the low dose Meth exposure also regulated the activities of GSHrelated enzymes, inhibited xCT protein expression, and increased lipid peroxidation in the thalamus and frontal cortex.
In this study, the highest GSH content and the ABTS radical scavenging ability were found in thalamus, which were 1-2 folds higher than the other five brain regions. These findings suggest that the thalamus has the highest antioxidant capacity. Similarly, an HPLC study on human brain tissues also reported the highest GSH level in the thalamus among 7 brain regions (Bronowicka-Adamska et al. 2011) , but the differences were marginal, which contrasts with the several-fold differences in our study. Contrary to our findings, a NMR study reported that GSH content in the thalamus of Sprague-Dawley rats (5-6 months) was comparable to the levels in 4 other brain regions (Lee et al. 2012) . These variable findings of GSH levels in the thalamus relative to the other brain regions may be due to differences in species, strain, age of the study subjects, or a combination of these factors. The lower GSH levels in both thalamus and striatum of the HIV-1Tg rats may be due to oxidative stress caused by the neurotoxic viral proteins. Similarly, intravenous injections of Tat and gp120 resulted in GSH depletion in the whole brain in mice (Banerjee et al. 2010 ). In the thalamus, this GSH depletion was associated with upregulation of the genes for enzymes involved in GSH metabolism, such as GCS-HC, GS, and GGT7, which reflects an ongoing compensatory response to the depletion in this brain region. However, similar decrease of GSH in the striatum did not cause any transcriptional changes in these genes. This difference may implicate the relative importance of the GSH system in different regions of the brain. Additionally, in HIV-infected human macrophages, GSH along with the mRNA levels of GCS-HC, GCS-LC, GS, and GGT1 were found to be decreased (Morris et al. 2012) , suggesting a different regulatory mechanism in these peripheral cells in response to HIV-1 mediated GSH depletion.
In a previous study, the mRNA levels of Tat, gp120, nef, and vif were measured in 6 brain regions (hypothalamus, striatum, hippocampus, cerebellum, prefrontal cortex, and the remainder parts of cortex) of 2-3 months old HIV-1Tg rats, and the gene expression levels varied across these regions (Peng et al. 2010) . Tat and gp120, the two most commonly known pro-oxidant viral proteins, had the highest expression level in the cerebellum, but a moderate expression level in the striatum. Table 2 shows that in response to HIV-1Tg, the GSH content was normal in the cerebellum, but markedly reduced in the striatum. Taken together, these findings show that the regulation of GSH metabolism is region specific in the context of HIV-1Tg, but is not related to the expression levels of the viral protein genes.
HIV-1Tg rats also showed decreased activities of GR (in the thalamus), GST (striatum), and Glrx (frontal cortex), but no changes in lipid peroxidation as assessed by HNE-His. The apparent lack of oxidative stress in these brain regions of HIV-1Tg rats contrasts with prior reports of oxidative stress caused by HIV infection or viral protein treatment (Bandaru et al. 2007; Banerjee et al. 2010; Sacktor et al. 2004; Turchan et al. 2003) . This discrepancy indicates that viral infection, endogenous viral protein expression, and exogenous viral protein injection may lead to different pathophysiology. Moreover, since the HIV-1Tg rats were born with viral protein expression, systemic and partial adaptation to the chronic exposure of these neurotoxic proteins may have been developed. The compromised GSH-centered antioxidant system might be compensated by the upregulation of other antioxidants, such as SOD, catalase, or non-protein small molecules.
Although the low dose and repeated Meth administration in this study did not affect the gene expression of GCS-HC and GCS-LC, it significantly increased the activity of GCS in the thalamus, and decreased it in striatum and frontal cortex, suggesting that Meth regulates GCS activity at translational and/or post-translational levels. Meth also affected Glrx activities in these three brain regions. Elevated Glrx in thalamus and striatum of Meth rats suggests that this small r e d o x e n z y m e m a y h a v e a n i m p o r t a n t r o le i n neuroprotection during Meth exposure, potentially through maintaining mitochondrial integrity or activating NFkappaB survival pathway (Daily et al. 2001; Kenchappa and Ravindranath 2003; Saeed et al. 2008) . However, the activity of Glrx in the frontal cortex was decreased by both HIV1Tg and Meth, which suggest that the frontal brain region have less capacity to respond and may be more vulnerable to the additive effects of oxidative stress.
In addition to the high GSH content, thalamus also showed high GGT and GR activities in comparison to striatum and frontal cortex (Table 4) , which are essential in supporting GSH recycling through extracellular catabolism and intracellular reduction. Notably that both HIV-1Tg and Meth caused decreases in GR activity in thalamus, suggesting that lowered rates of GSH recycling may limit the utilization of GSH in thalamus in the context of HIV -1 Tg and Meth, and the two factors also seem to have an additive effect in inhibiting thalamus GR activity.
Meth-mediated neurotoxicity (Langford et al. 2003a ) and oxidative stress (Moszczynska and Yamamoto 2011) in striatum have been reported previously. In the present study, while the thalamus and frontal cortex showed increased lipid peroxidation, the striatum showed no sign of oxidative stress after the relatively low dose and repeated Meth administration. Instead, the striatum of Meth rats showed compensatory increases of GSH concentration, and GR and Glrx activities, implicating the importance of GSH-centered antioxidants in this brain region. Similarly, when male C57BL/6 mice were treated with a single intraperitoneal dose (10 mg/kg body weight) of Meth, the GSH content in the striatum increased in 3 h, but normalized to baseline level in 24 h (Flora et al. 2002) . Furthermore, when the same dose of Meth was administered to adult male Sprague-Dawley rats over an 8 h period at 2-h intervals, the GSH content in the striatum increased in 2 h and normalized in 24 h (Wu et al. 2007 ). The brain samples in the present study were harvested approximately 24 h after the last Meth injection, but the low dose chronic treatment (2.5 mg/kg body weight/day for 6 days) differs from the high dose acute treatment in previous reports. Future studies with multiple time point sampling will be needed to fully elucidate the temporal profile of repetitive low dose Meth-induced GSH changes in the striatum, and to understand if the decreased GCS activity observed in our study reflects a negative feedback response to the elevated GSH (Franklin et al. 2009 ).
xCT protein expression was downregulated by Meth in both frontal cortex and thalamus. Although the expression of xCT subunit is critical to the system xc-activity (Lewerenz et al. 2012) , the cellular uptake of cystine is collectively determined by several factors. For example, as a membrane protein, the trafficking of xCT to the cell membrane determines the efficiency of cystine transport . Moreover, the gradient between the high intracellular and low extracellular glutamate concentrations is the driving force for cystine import (Lewerenz et al. 2012) . Increased extracellular glutamate, such as that caused by HIV-mediated blockage of glutamate reuptake, can lead to system xc-dysfunction, deplete intracellular glutathione and result in nerve cell death (Albrecht et al. 2010) . The function of system xc-is also associated with the excitatory amino acid transporters (EAAT), which clean up extracellular glutamate and help maintain the intra-and extra-cellular glutamate gradient (Lewerenz et al. 2012) . In fact, cysteine can be directly transported into neurons by excitatory amino acid carrier 1 (EAAC1, a member of the EAAT), and this process is competed by extracellular glutamate . The function of EAAT may be inhibited by HIVor gp120 (Ernst et al. 2010) . Meth-treatment also may increase extracellular glutamate concentration (Flora et al. 2002; Harold et al. 2000) , and how this affects GSH metabolism has not been studied.
Glutathione metabolism in the brain is a complex network involving interactions between astrocytes and neurons (Rice and Russo-Menna 1998) . The investigation methods used in the present study did not distinguish cell types in the brain tissues. Future work employing immunohistochemical staining to localize and quantify target proteins may lead to a better understanding of the cellular mechanisms at play.
Lastly, since this study focused on the GSH-related antioxidant system, changes in other antioxidants, such as SOD and catalase, were not investigated. In a nonhuman primate study, the combination of SIV and Meth showed increased protein concentrations of both GST and extracellular SOD in plasma compared to SIV treatment alone (Pendyala et al. 2011) . The alterations of the non-GSH-related enzymes may have significant roles in preventing HIV-and Meth-induced oxidative stress.
In conclusion, this study demonstrated region-specific responses of GSH-centered antioxidants and oxidative stress in the rat brain to endogenous HIV viral protein expression and Meth exposure. In the F344 rats, the thalamus has the highest baseline GSH concentrations, potentially higher GSH recycling rates, and transcriptional responses to GSH depletion in HIV-1Tg. Both HIV-1Tg and low doses of Meth resulted in decreased GR activity in thalamus, and decreased Glrx activity in frontal cortex. Increased GR and Glrx activities synergized with increased GSH concentration might have partially prevented Meth-induced oxidative stress in striatum. Interactive effects between Meth and HIV-1Tg were observed in thalamus on the activities of GCS and GGT, and in thalamus and frontal cortex on Glrx activity and xCT protein expression.
